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ACOUSTIC NONLINEARITIES PRODUCED BY A SINGLE MACROSCOPIC FRACTURE IN 
GRANITE 
INTRODUCTION 
Brian P. Bonner and B.J. wanamaker 
Lawrence Livermore National Laboratory 
P.O. Box, L-20l 
Livermore, CA 94550 
Strong nonlinear responses originating mainly from sliding on 
microfractures and open grain boundaries occur when rocks are strained 
above a threshold near 10-6 (1). We report here that introducing 
artificial tensile fractures in a brittle rock such as granite produces 
even stronger nonlinearities. By applying sufficient normal stress 
perpendicular to the fracture, the nonlinear response can be reduced to 
that typical of the intact rock. Our measurements are made by driving 
the sample in torsion at low frequency near 1 Hz. The nonlinear effects 
we observe are analogous to those caused by partially open fatigue 
cracks in metals, which generate harmonics when insonified at ultrasonic 
frequencies (2). 
APPARATUS 
We used a torsional oscillator (Figure 1) to measure amplitude-
dependent modulus and attenuation in fractured rocks. Oscillators of 
this general type have recently been used to characterize intact rocks 
(3) and are conceptually similar to devices used in damping studies of 
metals and polymers (4,5). The apparatus is essentially a segmented 
torsional spring, with one end fixed. Twists are measured along arms 
which extend from the central rod by eddy current proximity detectors 
configured to measure differential displacements. Twist measured near 
the fixed end depends only on the deformation of an aluminum segment, 
which is nearly elastic compared to our rock samples. The twist of this 
segment provides a signal proportional to torque. The time dependent 
response of the sample is detected at the second proximity detector 
assembly. Background damping for the apparatus was found by comparative 
measurements with 606l-T6 aluminum. 
The oscillator operates at frequencies between 0.01 and -100 Hz at 
strains ranging from 10-7 to 10-4 . Samples are solid right cylinders (9 
by _ 20 mm) which are twisted by supplying a sinusoidal voltage to the 
electromagnetic assembly. The flexural mode is suppressed by bearings 
mounted between the motion detectors and the rotor of the driver. By 
taking the complex ratio of twist time histories for the two sensor 
positions along the torsion rod assembly, we can compute both the shear 
modulus and shear attenuation (phase angle between torque and twist) as 
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Fig. 1. Schematic diagram of the experimental apparatus. Sample 
diameter is 9 mm. 
a function of frequency and amplitude. Signal averaging is usually 
necessary to improve the signal to noise ratio before computing the 
transfer function of the sample. 
Shear strain is nonuniform for torsion, increasing linearly with 
radius. Strains reported here are the mean for the entire sample. 
Nonlinear effects occur preferentially in the high strain region, which 
for this geometry is nearest to the outside surface. Most of the twist 
of a cracked sample is localized to the vicinity of the crack. 
Our apparatus is unusual in that it allows the application of 
uniaxial load along the symmetry axis of the sample to investigate the 
effect of normal stress. Loads of up to 100 MPa can be applied through 
a hardened ball bearing by a spring loaded fixture. We are able to 
control the strength of the nonlinear response of our sample by 
progressively closing the crack with normal stress. The constraint to 
torsion imposed by the uniaxial loading assembly causes increased 
background damping, but it is small compared to the damping reSUlting 
from the fractured sample. 
EXPERIMENTAL PROCEDURE 
Core samples were cut from blocks of Sierra White granite, which 
has a porosity of < 1%, and mean grain size of -0.8 mm. The material 
was obtained from a quarry in Raymond, Ca, and consists of 32% quartz, 
50% feldspars, and 16% micas, with the remainder occurring as trace 
minerals. 
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We prepared fresh tensile surfaces by fracturing cores by bending. 
All fractures are oriented approximately perpendicular to the core axis, 
and are 'mated' for best fit before experiments. Measurements of 
surface topography have demonstrated that fracture surfaces in rock are 
self-similar over a range of scales and can be described by fractal 
geometry (6). The same statistical description applies to fractures in 
metals and ceramics (7,8), suggesting that the results reported here for 
fractures in rock may have wider application to other fractured 
materials. 
Several features of the testing procedure are important for 
interpreting the experimental results. First, the sample must be 
preloaded with some normal force (0.1-0.2 MPa) to limit twists to within 
the range of the proximity detectors. Second, the current in the 
driving coils never reverses direction, but only varies in magnitude 
with time so that the torque applied to the specimen oscillates about a 
positive value. The bias on the torque causes a small average 
displacement from the starting "mated" position of the joint. Further 
experiments are necessary to determine the effect of joint displacement 
on sliding attenuation. Although the twist of the assembly is 
concentrated in the fractured region, we assume that twist is 
distributed uniformly through the sample for calculations of the shear 
strain. 
RESULTS 
Measuring the mechanical properties of the fractured granite under 
changes in external load directly shows the strength of the nonlinear 
response. Increases in the shear modulus with progressive crack closure 
are plotted in Figure 2, and demonstrate that second order terms in the 
stress-strain relation governing closure are significant. Modulus 
decreases of - 40% occur when the clamping normal stress is 0.2 MPa, the 
lowest we were able to achieve. For the highest normal stress (17 MPa), 
the shear modulus is comparable to that for the intact rock at the 
lowest shear strains (5*10-7 ) while the joint lowers the modulus by 5% 
for shear strains of 5*10-5 . The decreasing trend in the mOdulus with 
increasing shear stress shows that sliding 'work softens' the fracture. 
A detailed study of the motion, including the hysteretic character of 
the attenuation, is beyond the scope of this paper, and will be 
presented in a subsequent pUblication (9). 
Attenuation for a range of shear stresses is plotted as a function 
of load to 17 MPa in Figure 3. Damping by sliding on the fracture is 
highly nonlinear and shows a distinct change in behavior as a function 
of normal stress. For loads below 3 MPa, attenuation is high and load 
sensitive, consistent with the behavior of an 'open' fracture. At 
higher stresses, the attenuation more gradually approaches that for the 
intact rock, indicating that the fracture is 'closed'. At the highest 
loads and lowest shear stress, attenuation values overlap those measured 
for intact Sierra White granite. 
Analysis of the twist data for fractured granite clearly shows 
that power is transferred from the fundamental to higher harmonics in 
our low frequency experiments. The power spectra presented in Figure 4 
are ratios of sample twist for high and low shear stress at two 
different uniaxial loads, corresponding to distinctly different 'open' 
conditions of the fracture. For lower loads, power increases at 1 Hz, 
the fundamental, are modest and are determined by changes in shear 
stiffness of the fracture caused by reduced normal stress. Dramatic 
increases in power occur at the second and fourth harmonics for lower 
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Fig. 2. Shear modulus of fractured Sierra White granite as a function 
of uniaxial load for a range of shear stresses. Increasing 
load closes the fracture. 
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torque, as a function of uniaxial load for a range of shear 
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loads, indicating that the nonlinear response increases when the 
fracture is less tightly clamped. A portion of the nonlinear response 
that we detect in the twist response is due to sliding on microfractures 
and harmonic distortion in the driving torque. Direct measurement of 
the harmonic content of the torque signal demonstrates that the 
apparatus contribution is negligible compared to the effects reported in 
Figure 4. Contributions of microfractures and open grain boundaries 
will be assessed in future experiments. There is also some indication 
of subharmonic generation, but experiments specifically designed to 
detect intermodulation effects are required to eliminate ambiguities 
resulting from poor signal to noise below 1 Hz. 
DISCUSSION 
Richardson's analysis (10) of intermittent contact between two 
planar surfaces successfully predicted harmonic generation by fatigue 
cracks. The nonlinearity in that case arises from the opening and 
closing of the surface. Much of the motion in our experimental geometry 
is in the plane of the fracture, although some dilatancy (displacement 
normal to the fracture) occurs even under load. Models proposed by 
Mavko (11) to explain the observed amplitude dependence of attenuation 
in rocks at high amplitudes suggest that attenuation due to sliding on 
rough surfaces is inherently nonlinear. The nonlinearity appears when 
contact area increases with amplitude. Nonlinear effects of the type we 
have reported arise in the analysis of nonlinear oscillations that 
involve frictional forces which depend on the relative sliding velocity 
(12). It seems likely that the nonlinearity originating in the 
fractured rock is mainly due to sliding along the fracture plane, and not 
opening and closing of the crack. 
SUMMARY 
The stress dependence of both the shear modulus and attenuation 
are dramatically affected by the fracture when compared to the 
properties of the intact rock. We observe highly nonlinear effects, 
including modulus reductions of up to 40%, attenuation increases of up 
to 20 times, and power transfer to higher harmonics. The changes are 
largest for low normal loads and high shear strains, as expected for 
motion dominated by sliding on a fracture. 
The nonlinear effects observed in these experiments have important 
implications for predicting seismic radiation from explosion sources and 
for forming collimated low frequency beams in rock by nonlinear mixing 
of high frequency acoustic waves. The fracture surfaces are found to be 
self-affine fractals. Fracture surfaces in metals and ceramics have the 
same statistical description, suggesting that our results may find 
application outside geophysics. 
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